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Abstract 11 
The western basin of the South Atlantic from 10ºN to 55ºS and from the coast to the 12 
Mid-Atlantic Ridge is a region with large uncertainties as to the storage of anthropogenic 13 
CO2 (Cant). Our analysis of data of the last three decades provides a Cant storage rate of 14 
0.92 ±0.13 mol m
-2
 y
-1
, i.e., 13%-35% higher than previous estimates in this area. The low 15 
but significant Cant concentrations ([Cant]) in the large volume of relatively well ventilated 16 
Antarctic Bottom Water (AABW) may well be the underlying cause of this higher storage 17 
rate. In fact, the significant contribution in terms of Cant of this ventilated AABW that 18 
enters the western South Atlantic Ocean was calculated to be 0.055 ± 0.02 Pg C y
-1
 or 0.20 19 
mol m
-2
 y
-1
. Instead of being based on the annual trend, the Cant specific inventory (in mol 20 
m
-2
) evolution is more consistently computed as a function of the atmospheric xCO2 21 
perturbation in ppm, (0.64 mol m
-2 
ppm
-1
). This methodology allows improved projections 22 
of Cant storage rates over long periods. 23 
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 24 
1. Introduction 25 
The Atlantic Ocean stores 38% of the oceanic anthropogenic CO2 (Cant) although it 26 
only represents 29% of the global ocean surface area (Sabine et al., 2004). The most 27 
ventilated waters are located above the isopycnal of σθ 27.2 kg m
-3
, which approximately 28 
corresponds to the 5 ºC isotherm that separates the large volume of low-Cant cold waters 29 
(86% of the Atlantic Ocean volume) from high-Cant warmer upper waters (Vázquez-30 
Rodríguez et al., 2009b). The formation of deep waters in the North Atlantic (North 31 
Atlantic Deep Water, NADW) and in the Southern Ocean (Antarctic Bottom Water, 32 
AABW) enhances significantly the Cant storage (Lo Monaco et al., 2005, McNeil et al., 33 
2007; Pérez et al., 2008, 2010; Steinfeldt et al., 2009). The Atlantic sector of the Southern 34 
Ocean contains moderate concentrations of Cant ([Cant]) in deep waters, i.e., around 10 35 
µmol kg
-1
, yet its massive volume turns it into one of the largest carbon reservoirs of the 36 
Atlantic basin (Lo Monaco et al., 2005; Vázquez-Rodríguez et al., 2009b). This same 37 
significant contribution of Cant (~10 µmol kg
-1
) was found below 4000 m between 30ºS 38 
and 50ºS by Ríos et al. (2010) for the year 1994, while previous estimates for that region 39 
showed zero and negative values beneath this depth (Lee et al., 2003; Sabine et al., 2004).  40 
The importance of the northwards penetration of the ventilated AABW into the Atlantic 41 
basin pointed out by Schlitzer (2007), suggests that a considerable amount of Cant is being 42 
transported within it. McNeil et al. (2007) found considerable uptake of Cant related to the 43 
formation of AABW (0.4 ± 0.25 PgC y
-1
).   44 
We provide an improved estimate of the Cant storage of the western basin of the 45 
South Atlantic which in this study runs from 10ºN to 55ºS and from the coast to the Mid-46 
Atlantic Ridge (about 15ºW) (Figure 1). This region is characterized by important and 47 
complex dynamics which involve several circulation cells in upper and intermediate levels; 48 
these connect with the western boundary layer and several recirculation features and 49 
eastwards escape to the ocean interior in deep and bottom layers (Mémery et al., 2000). 50 
There are some few estimates of CO2 storage rates in this region (Sabine and Tanhua, 51 
2010). Cant storage along 30ºS (0.6 ± 0.1 mol m
-2
 y
-1
) was estimated by Murata et al. 52 
(2008) for the period 1993 - 2003. Other estimates in the Atlantic Ocean can be found in 53 
the recent studies of Peng and Wanninkhof (2010), who estimated Cant storage rates of 54 
0.53 and 0.36 mol m
-2
 y
-1 
between 15ºN and 15ºS and 0.83 and 0.35 mol m
-2
 y
-1
 south of 55 
15ºS, respectively, and that of Wanninkhof et al. (2010), who calculated Cant storage rates 56 
of 0.20 mol m
-2
 y
-1
 between 15ºN and 15ºS and 0.76 mol m
-2
 y
-1
 south of 15ºS.  57 
Since one of the challenges of the carbon community is to obtain reliable regional 58 
Cant storages with low uncertainties using repeated sections and high-quality databases, an 59 
updated estimation of the Cant storage rate in the western South Atlantic basin is presented 60 
here using data from GLODAP (http://cdiac.ornl.gov/oceans/glodap/) and CARINA
 61 
(http://cdiac.ornl.gov/oceans/CARINA/) databases covering the period from 1972 to 2005. 62 
The contribution of deep and bottom waters in the Cant inventory is furthermore 63 
scrutinized. The improvement of carbon measurements in quality and quantity allows 64 
reevaluating the role of the deep water masses, especially the AABW, in the storage rates 65 
of Cant showing that their contribution could reach 22% of the total storage rate in the 66 
studied zone. 67 
 68 
2. Dataset 69 
A total of twenty cruises belonging to the GLODAP and CARINA databases 70 
(Hoppema et al., 2009; Key et al., 2010; Tanhua et al., 2008, 2010a, 2010b) with high-71 
quality carbon system measurements were selected to study the temporal evolution of the 72 
Cant storage in the western South Atlantic basin. Only data from 100 m depth to the bottom 73 
were considered in order to avoid the high variability of near-surface measurements. The 74 
combined dataset covers 33-years (1972-2005). The cruises were grouped in 6 nominal or 75 
reference years (Table 1) to improve the spatial coverage by year. In the earliest cruises 76 
total Alkalinity (AT) and total inorganic Carbon (CT) were potentiometrically determined 77 
without Certified Reference Materials being available to check the consistency of the data. 78 
Corrections for TTO-TAS legs 1 and 2 (cruise 46, 1982-3), and SAVE legs 1 and 2 (cruise 79 
48, 1987-8) were taken from Gruber et al. (1996). The AT offset of -8 µmol kg
-1
 in cruise 80 
24 (Section A17, 1993) reported in Ríos et al. (2005) has been also applied. An additional 81 
quality control was applied in order to check the AT and CT values of the GEOSECS 82 
dataset. Carbon measurements in GEOSECS were conducted using the classic 83 
potentiometric curves and fitting the pH electrode response to the HCl additions. Most of 84 
the uncertainties in these old techniques are due to the precision in the exact volume of 85 
sample enclosed in the measuring system. Taking into account that AT is a steady-state 86 
variable that can be very well fitted as a function of salinity and silicate with low 87 
uncertainties, we have followed some of the quality control procedures used in GLODAP 88 
and CARINA. Using the complete GLODAP and CARINA databases, an expected value 89 
for each AT measured was computed. The anomalies between measured and estimated 90 
(through Multivariate Linear Regression, MLR) values have a standard deviation (STD) of 91 
±6 µmol kg
-1
, which happens to be the same STD as used as lower boundary to flag 92 
measured cruise data in the quality control of GLODAP and CARINA. About 25% of 93 
GEOSECS measurements, showing deviations higher than 12 µmol kg
-1
 (2 STD), were 94 
discarded. 95 
 96 
3. Results 97 
The main water masses found in the western South Atlantic basin were identified by 98 
Mémery et al. (2000) and Ríos et al. (2010) on the basis of their hydrographic properties, 99 
ventilation and tracers (CFCs). Shown are the salinity (Fig. 2a) and CFC distributions (Fig. 100 
2b) including the isopycnal surfaces which separate the main water masses found in the 101 
region. In order to evaluate the variation of [Cant] increase rates and Cant storage rates, the 102 
water column was divided into six layers by potential density (σθ) intervals following 103 
Mémery et al. (2000) and according to the spreading of the different water masses (Table 104 
2). From 100 m depth to σθ < 26.5 kg m
-3 
the South Atlantic Central Water (SACW) 105 
spreads in the subsurface layer of the subtropical waters constituting the SACW layer. 106 
Below that, with 26.5 < σθ < 27.1 kg m
-3
, the Sub Antarctic Mode Water (SAMW) is found 107 
in the subpolar region. The Antarctic Intermediate Water (AAIW) spreads in the density 108 
range of 27.1 < σθ < 27.4 kg m
-3
. In the density range delimited by σθ > 27.4 kg m
-3
 and σ3 109 
< 41.47 kg m
-3
 the upper North Atlantic Deep Water (uNADW) and the upper Circumpolar 110 
Deep Water (uCDW) can be found mainly in the north and south of the region, 111 
respectively. Both lower North Atlantic Deep Water (lNADW) and lower Circumpolar 112 
Deep Water (lCDW) constitute the lNADW-lCDW layer and spread in the density range of 113 
σ3 > 41.47 and σ4 < 45.90 kg m
-3
. Finally, the AABW can be found throughout σ4 > 45.90 114 
kg m
-3
. 115 
Estimates of [Cant] were obtained by applying the φCT
0
 method (Vázquez-116 
Rodríguez et al., 2009a, 2009b) whose uncertainty is ± 5.2 µmol kg
-1
, and the results are 117 
shown in Figure 2c. This method is based on the C* principles (Gruber et al., 1996) with 118 
some improvements.  In the CTº method the subsurface layer is used as the reference to 119 
compute the AT and air-sea CO2 disequilibrium since this layer is able to preserve the 120 
conditions of water mass formation at an annual scale. Furthermore and importantly, these 121 
two terms, different to all other back-calculation methods, are assumed to be in non-steady-122 
state since the pre-industrial era (see Appendix for more details of the method). The highest 123 
[Cant] is found in shallow waters (σθ < 27.4, Figure 2c) since Cant is introduced into the 124 
ocean when the water masses are in contact with the atmosphere. Down to intermediate 125 
layers of the water column, [Cant] reduces progressively and so does the level of 126 
ventilation (Figure 2b,c). However, in deep and bottom waters, significant values of [Cant] 127 
occur with a maximum at the bottom accompanied by a slight increase in the level of 128 
ventilation compared to that of intermediate layers (Figure 2b,c). 129 
The Cant specific inventory ( Inv
Cant
C
), in mol m
-2
, was calculated for the study 130 
region following the methodology of Pérez et al. (2010), and is defined as: 131 
ThCInv cl
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l
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where C
cl
ant
,  stands for the [Cant] average for the set of cruises “c” in the layer “l” of the 133 
water column (in µmol kg
-1
), ρ is the seawater density (in kg m-3) which was taken from the 134 
WOA09 climatology (2009) and   is the thickness of the layer “l” of the water column 135 
(in meters, see Table 2). 136 
The spatial coverage of measurements during each reference year (Table 1, Figure 1) is 137 
variable and, therefore the properties of the water masses in terms of tracers can cause 138 
significant differences between the observed average layer properties in each reference 139 
year. Such differences are likely to introduce potential spatial biases in the Inv
Cant
C
 140 
estimates that must be corrected. In order to apply this correction, [Cant] was estimated in 141 
each layer through a MLR analysis with salinity, potential temperature, AOU (Apparent 142 
Oxygen Utilization), nutrients, and year as independent variables (Pérez et al., 2010). Each 143 
one of the coefficients of the MLR were multiplied by the difference between the averaged 144 
value of these variables in each layer (all data obtained from WOA09 database) and the 145 
averaged values of the variables considering only those points in the WOA09 coinciding 146 
with the positions of the cruises. Accordingly, the C
cl
ant
,
 computed initially was corrected by 147 
adding a new term C
cl
ant
, . The range of C
cl
ant
,
 varied between -1 and +1.2 µmol kg
-1
. 148 
The temporal evolution of [Cant] averages (C
cl
ant
, ) in each of the six layers for the period 149 
1972 – 2003 is plotted in Figure 3a together with the temporal evolution of the Inv
Cant
C
 for 150 
the western South Atlantic basin. The error bars represent ±2σ/N0.5 (where σ is the standard 151 
deviation and N the number of used data). The uncertainty is relatively low because we 152 
have gathered a large number of quality controlled data (CARINA and GLODAP). The 153 
[Cant] averages decreased with depth except for the AABW layer, where higher [Cant] 154 
average values than those in the lNADW– lCDW and uNADW– uCDW layers were found. 155 
From the temporal evolution of [Cant] averages the different [Cant] increase rates are 156 
obtained in each layer. The upper SACW layer shows a [Cant] rate of increase of 0.90 157 
±0.04 µmol kg
-1
 y
-1
 following atmospheric CO2 evolution at a level very close to the CO2 158 
saturation (~ 90%). In the SAMW layer, the [Cant] increase rate (0.53 ± 0.02 µmol kg
-1
 y
-1
) 159 
is lower than that obtained in the upper layer. Regarding the AAIW layer, the [Cant] 160 
increase rate (0.36 ± 0.02 µmol kg
-1
 y
-1
) is about 50% lower than that in the SAMW layer. 161 
From these intermediate layers down a sharp decrease of the [Cant] increase rates is found. 162 
However, in the AABW layer the [Cant] increase rate found (0.15 ± 0.04 µmol kg
-1
 y
-1
) is 163 
higher than that of the lNADW–lCDW layer and of the same order of that in the uNADW–164 
uCDW layer. 165 
The Inv
Cant
C
showed an increase over 1972-2003 with a storage of 0.92 ± 0.13 mol 166 
m
-2
 y
-1
. In order to estimate the Cant inventory in the western South Atlantic basin, the area 167 
from 10ºN to 55ºS was taken to be 22.64·10
12
 m
2
. The Cant inventory was 14 ± 0.8 Pg C 168 
for the year 1994 and 16.5 ± 0.8 Pg C for the year 2004 which corresponds to an average 169 
Cant storage of 0.250 ± 0.035 Pg C y
-1
. 170 
Usually, [Cant] increase rates and Cant storage rates are obtained by linear 171 
regression of [Cant] and Cant specific inventories, respectively, versus year assuming a 172 
linear relationship (Ríos et al., 2001; Murata et al., 2008; Pérez et al., 2008, 2010; Peng and 173 
Wanninkhof, 2010; Wanninkhof et al., 2010). This is quite convenient for relatively short 174 
periods of time since it permits to detect changes in [Cant] beyond their uncertainties. To 175 
detect changes in deep waters with low [Cant], long periods of time should be considered 176 
because of the small signal of [Cant]. However, during long periods, the rate of increase of 177 
the atmospheric CO2 is significantly accelerating and thus, the [Cant] of the water masses 178 
equilibrated totally or partially should follow an exponential rate of increase (Tanhua et al., 179 
2007; Steinfeldt et al., 2009). Therefore, maintaining a linear adjustment would result in 180 
biased estimated [Cant] increase rates and Cant storage rates.  181 
On the other hand, adjusting the variables to an exponential curve would result in 182 
unreliable values. A way to improve Cant storage rate and [Cant] increase rate estimations 183 
is to fit [Cant] of the water masses and the Cant specific inventories to a linear relationship 184 
with the excess of atmospheric xCO2 above the pre-industrial value of 280 µmol mol
-1
 185 
(∆xCO2) (Figure 3b). Here we assume the ocean circulation to be in steady state and that a 186 
conservative tracer, with exponentially increasing concentration in the surface, reaches a 187 
„transient steady state after a time significantly longer than the surface growth timescale, as 188 
Gammon et al. (1982) demonstrated for a one-dimensional system with no lateral advection 189 
but only diffusion and vertical advection. Tanhua et al (2006) found that Cant is in 190 
“transient steady state” even though the Cant is supplied by lateral advection of recently 191 
ventilated waters. Therefore, the Cant concentration increases proportionally over time 192 
through the whole water column which is directly related to its time-dependent surface 193 
concentration. The asset of this fit is based on the non-existence of an intercept, reducing 194 
the degrees of freedom. In fact, all the layers have zero intercept except for the SAMW 195 
layer. These modified fits have more significant statistical parameters and reduce the slope 196 
uncertainties. Since [Cant] in surface waters, assuming CO2-saturation, follows an e-folding 197 
time function with a rate of increase of 1.69% y
-1
 (Tanhua et al., 2007; Steinfeldt et al., 198 
2009), ∆xCO2 increases in the same way and the Cant inventory can be computed as 0.0169 199 
times the Cant storage. Thus with this increase rate (1.69% y
-1
) and the Cant storage rate 200 
(0.64 ± 0.13 mol m
-2
 ppm
-1
), a Cant storage rate based on ∆xCO2 of 10.8 ± 2.2 mmol m
-2
 y
-
201 
1
 ppm
-1
 is obtained, which corresponds to 0.53 ± 0.11 mol m
-2
 y
-1
 (0.144 ± 0.030 Pg-C y
-1
) 202 
and 1.05 ± 0.21 mol m
-2
 y
-1
 (0.285 ± 0.057 Pg-C y
-1
) for the years 1972 and 2003, 203 
respectively (note that ∆xCO2 values for 1972 and 2003 are 31.33 and 62.28 µmol mol
-1
, 204 
respectively). The Cant storage rates in mol m
-2
 y
-1
 calculated for each year are also 205 
represented in Figure 3. These Cant storage rates are multiplied by 1.69% y
-1
 so the 206 
equivalence with the Cant specific inventories is more clearly shown. Both trends are in 207 
good agreement, showing the Cant specific inventories calculated by year from ΔxCO2 208 
slightly lower values in 1972 and higher in 2003 than the Cant specific inventories 209 
previously estimated for each nominal year. Importantly, the improvement in the estimation 210 
of the [Cant] increase rates through this method with respect to the linear temporal trends is 211 
very significant in deep and bottom layers, which altogether account for approximately 212 
45% of the Cant inventories in the water column. 213 
 214 
4. Discussion 215 
As Wanninkhof et al. (2010) pointed out, decadal changes in deep water are more 216 
subtle than in subsurface and intermediate waters. Nevertheless, in terms of Cant 217 
inventories, the detection of changes at depths below 2000 m are of relevance by virtue of 218 
the large volume of water involved (Garzoli et al., 2010); indeed, in the Atlantic Ocean, 219 
cold waters (<5ºC, i.e., below ~900 m) represent 86% of its total volume (Vázquez-220 
Rodríguez et al., 2009b). Although the penetration of Cant below 2000 m was suggested to 221 
be small in some reconstructions of Cant in the Atlantic (Gruber, 1998; Lee et al., 2003; 222 
Sabine et al., 2004), it is noticeable at southern latitudes (Lo Monaco et al., 2005; Vázquez-223 
Rodríguez et al., 2009b; Ríos et al., 2010) This increasing tendency of Cant specific 224 
inventories south of 30ºS is due to the use of new methods of Cant estimation instead of the 225 
ΔC* method. The ΔC* method showed zero and even negative Cant concentrations beneath 226 
4000 m (Lee et al., 2003; Sabine et al., 2004). These relatively high Cant concentrations in 227 
the southern Atlantic deep waters are due to the penetration of the ventilated AABW from 228 
the Southern Ocean (Schlitzer, 2007). This can also be seen in the distribution of CFC-12 229 
along the A17 section (Figure 2b). Therefore, bottom waters should not be neglected in 230 
computing the Cant inventory.  231 
The Cant inventory of 14 ± 0.8 Pg C here computed (referred to 1994) is very 232 
similar to that obtained by Waugh et al. (2006) (14.1 Pg C for the west South Atlantic) 233 
using the Transit Time Distribution (TTD) method that commonly uses CFC-11 or CFC-12 234 
concentrations as proxies of the anthropogenic CO2 signal, though the TTD estimate could 235 
be biased due to the assumption of constant disequilibrium. However, the Cant inventory 236 
computed in this study is around 30% higher than the 10.8 Pg C (referred also to 1994) 237 
obtained by Lee et al. (2003) using a back-calculating technique. 238 
The Cant storage rate obtained here for the western South Atlantic basin (0.92 ±0.13 239 
mol m
-2
 y
-1
) is higher than that obtained by other authors (Table 3). Cant storage rates in the 240 
South Atlantic were previously estimated using isopycnal surfaces (Murata et al., 2008) 241 
MLR (Peng and Wanninkhof, 2010) and eMLR (extended MLR) methods (Peng and 242 
Wanninkhof, 2010; Wanninkhof et al., 2010). The Cant storage rates obtained by these 243 
authors, once rescaled to the western South Atlantic basin (10ºN to 55ºS), result in 244 
significantly lower values than the one obtained in the present study (Table 3). It is 245 
important to note that when the Cant storage rate here obtained is only considered for the 246 
upper and the intermediate waters down to ~1100 m (0.47 mol m
-2
 y
-1
), the value would be 247 
significantly reduced, indicating the importance of the contribution of the deep to bottom 248 
layers.  249 
To evaluate the CANT storage rate associated with the bottom waters, mainly 250 
AABW, entering in the western South Atlantic Ocean, a schema of the Cant balance in the 251 
Southern Ocean is shown in Figure 4. According to Khatiwala et al. (2009) the Southern 252 
Ocean has an extraordinary contribution of about 40% of the global Cant air-sea uptake. A 253 
significant part of this Cant uptake is stored in the Southern Ocean; another part is exported 254 
northwards through upper levels as mode and intermediate waters, and still another part 255 
through deep levels as AABW and the CDW branches. The ventilation of the deep ocean 256 
was evaluated by inventories of CFC-11 in the Southern Ocean by Orsi et al. (2002). They 257 
find that the total CFC-11 accumulated in the Atlantic Sector (16.5 10
6
 moles) represents 258 
about of 55% of the total CFC-11 accumulated (29.7 10
6
 moles) in the Southern Ocean in 259 
deep water (uLDW, lCDW and AABW). Sabine et al. (2004) estimate from the GLODAP 260 
data base that the total Cant inventory in the Southern Ocean is 10 ± 1.5 Pg C with a small 261 
contribution of the Atlantic Sector (2 Pg C) which is about 20% and rather low compared 262 
with the CFC-11 inventory. Recently a new computation of Cant inventory of 8.7 ± 0.7 Pg 263 
C has been obtained using the CARINA database (Vázquez-Rodríguez et al., 2009b; Velo 264 
et al., 2010) for the South Atlantic south of 45ºS. Using the new evaluation for the Atlantic 265 
Sector, the total Cant inventory for the Southern Ocean rises to 16.7 ± 1.7 Pg C and the 266 
Atlantic sector would have a contribution of 52% which appears more consistent with the 267 
CFC-11 inventories. Applying the annual increase rate of 1.69% y
-1
 set by Steinfeldt et al. 268 
(2009), the Southern Ocean would have a Cant storage rate of 0.28 ±0.03 Pg C y
-1
 (Figure 269 
4). 270 
Orsi et al. (2002) also evaluated the thermohaline circulation in the Southern Ocean, 271 
reporting that about 21 Sv (10
6
 m
3
 s
-1
) of water is transported northward as ventilated 272 
(AABW) and old waters (lCDW, uCDW) through the deep ocean (from ~1500 m to the 273 
bottom). If an average [Cant] of about 12 µmol kg
-1
 is assigned to deep water (Lo Monaco 274 
et al., 2005; Vázquez-Rodríguez et al., 2009b), the deep northward export (AABW and 275 
CDW) would be 0.10 Pg C y
-1
 (Figure 4). If the northward advection of the upper and 276 
intermediate layers (SAMW and AAIW) ranged between 15 and 20 Sv (Hartin et al., 2011) 277 
and this is combined with an average [Cant] of about 30 µmol kg
-1
 (Key et al., 2004; Lo 278 
Monaco et al., 2005; Vázquez-Rodríguez et al., 2009b), an upper layer export of around 279 
0.25 Pg C y
-1 
is obtained (Figure 4). All together the total Cant export amounts to 0.35 Pg C 280 
y
-1
. Adding the above Southern Ocean revaluated total Cant storage (0.28 Pg C y
-1
), a total 281 
air-sea Cant uptake of 0.63 Pg C y
-1 
would be needed to compensate. In spite of very 282 
different combined estimations of [Cant] and water flows, this value is only 14% lower 283 
than the Cant air-sea uptake (0.73 Pg C y
-1
) given by Khatiwala et al. (2009), if rescaled for 284 
1994; this could suggest that the estimations of export and storage were a bit low. 285 
Assuming that the same ratio of 55% of total CFC-11 of the Southern Ocean (Orsi et al., 286 
2002) derives from the Atlantic sector also holds for the Cant transport in the Atlantic in 287 
deep waters, the Southern Ocean deep waters would feed the South Atlantic with a rate of 288 
0.055 Pg C y
-1
, or 0.20 mol m
-2
 y
-1
, predominantly driven by AABW. This contribution 289 
represents 22% of the Cant storage in the South Atlantic, leaving enough room for other 290 
contributions from the North Atlantic. This strongly suggests that the Southern Ocean deep 291 
convection has an important contribution to the uptake and the accumulation of Cant at a 292 
global scale.  293 
 294 
5. Conclusions 295 
The Cant storage rate observed for the western South Atlantic basin (0.92 ± 0.13 296 
mol m
-2
 y
-1
) is higher than previous estimates. A closer inspection of these differences 297 
suggests the low but significant [Cant] in the high volume of AABW that enters the South 298 
Atlantic as the reason of the higher Cant storage rate. The Cant storage rate associated to 299 
the AABW that enters the western South Atlantic Ocean was calculated to be 0.055 ± 0.02 300 
Pg C y
-1
 (0.20 mol m
-2
 y
-1
) which represents 22% of the Cant storage rate observed in our 301 
study. The deviations in the Cant storage rate estimates observed between previously used 302 
methods (isopycnal surfaces, MLR and eMLR) and the backcalculation φCT
0
 method are 303 
due to the penetration of deep and bottom waters with low [Cant] from the Southern Ocean 304 
and the North Atlantic. This low [Cant] are almost undetectable, mainly by MLR methods, 305 
when using data from cruises carried out less than two decades apart. Furthermore, because 306 
the exponential atmospheric CO2 increase can affect the linear long-term trend estimation, a 307 
more reliable Cant storage rate was computed as a function of the excess of atmospheric 308 
xCO2 increase (0.64±0.13 mol m
-2
 ppm
-1
). This storage rate is also very useful in terms of 309 
future projections of Cant inventories according to the different scenarios of atmospheric 310 
xCO2 due to the linearity between both terms. The analysis done here for the western South 311 
Atlantic Ocean highlights the need to continue with programs of repeated sections with 312 
high accuracy carbon measurements (e.g., Van Heuven et al., 2011). This kind of studies 313 
allows better detection of the variations of Cant in the voluminous deep and bottom waters, 314 
which are of high relevance for obtaining more reliable Cant storage rates. 315 
316 
 317 
ACKNOWLEDGEMENTS. This work was supported through EU FP7 project 318 
CARBOCHANGE “Changes in carbon uptake and emissions by oceans in a changing 319 
climate” which received funding from the European Community‟s Seventh Framework 320 
Programme under grant agreement no. 264879. We would like to thank the teams who 321 
contributed in putting together the GLODAP and CARINA databases and the chief 322 
scientists, scientists and crew who participated and put their efforts in the oceanographic 323 
cruises used in this study. We would also like to thank Toste Tanhua, Rik Wanninkhof and 324 
the anonymous reviewer for their thoughtful comments. Our special gratitude goes to 325 
Michel Arhan (Coordinator of the WOCE-France program CITHER), who shared his 326 
knowledge on the South Atlantic Ocean.  327 
 328 
329 
 330 
Appendix  331 
The CTº method to estimate Cant in the Atlantic shares similar fundamentals as the C* 332 
back-calculation method (Gruber et al., 1996). The sub-surface layer (100-200 m) is taken 333 
in the CTº method as a reference for characterizing water mass properties at the moment 334 
of their formation. The air-sea CO2 disequilibrium (Cdis) is parameterized at the sub-335 
surface layer first using a short-cut method (Thomas and Ittekot, 2001) to estimate CANT. 336 
Since the average age of the water masses in the 100-200 m depth domain, and most 337 
importantly in outcropping regions, is under 25 years, the use of the short-cut method to 338 
estimate CANT is appropriate (Matear et al., 2003). The ATº and Cdis parameterizations (in 339 
terms of conservative tracers) obtained from sub-surface data are applied directly to 340 
calculate CANT in the water column for waters above the 5 ºC isotherm and via an OMP 341 
(optimum multiparametric)  analysis for waters with  <5 ºC. This procedure especially 342 
improves the estimates in cold deep waters that are subject to strong and complex mixing 343 
processes between Arctic and Antarctic water masses. One important feature of the CTº 344 
method is that none of the ATº or Cdis parameterizations are CFC-reliant. Besides that, the 345 
CTº approach proposes an approximation to the temporal and spatial variability of Cdis 346 
(Cdis) in the Atlantic Ocean in terms of CANT and Cdis itself. The CTº method 347 
expression for the calculation of CANT is as follows:  348 
sat
antdis
dis
ANT
C/|C|1
C*C
C
t
t




      (1) 349 
The C* is defined after Gruber et al., (1996) as: 350 
C*= CT - AOU/RC - 0.5 (PAT - PAT
o
) - CT

eq     (2) 351 
The constant term “” is a proportionality factor that stands for the Cdis/ tdisC  ratio and 352 
its value (0.55). The t
disC and PAT
o
 terms are parameterized as a function of conservative 353 
parameters exclusively. The sat
antC  stands for the theoretical Cant saturation concentration 354 
depending on the pCO2 at the time of water mass formation and is defined as 
sat
antC = 355 
S/35·(0.85· + 46.0) (at present xCO2 air). Based on earlier uncertainty and error evaluations 356 
(Gruber et al., 1996; Sabine et al., 1999; Lee et al., 2003; Touratier et al., 2007), a random 357 
propagation of the errors associated with the input variables necessary to solve Eq. (1and 2) 358 
has been performed and an estimated overall uncertainty of 5.2 mol·kg-1 is obtained for 359 
the CTº method.  360 
For more details: http://www.biogeosciences-discuss.net/6/4527/2009/bgd-6-4527-2009-361 
print.pdf 362 
 363 
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Figure captions 500 
Figure 1  Map of the western South Atlantic Ocean showing the tracks of the twenty 501 
cruises used in this study grouped in 6 reference years that are marked on the 502 
map with different symbols. Section WOCE A17 is marked with a white 503 
background.  504 
Figure 2 Vertical sections of salinity, CFC12 (pmol kg
-1
) and Cant (µmol kg
-1
) along the 505 
WOCE A17 line in 1994 (see figure 1). The selected isopycnals (potential 506 
density “σ”, in kg m-3) used to separate and follow the Cant evolution of the 507 
main water masses are also depicted. Water mass acronyms: SACW= Sub 508 
Atlantic Central Water, SAMW= Sub Antarctic Mode Water, AAIW= Antarctic 509 
Intermediate Water, NADW= North Atlantic Deep Water, CDW= Circumpolar 510 
Deep Water, AABW= Antarctic Bottom Water. The lowercase first letter “u” 511 
and “l” denotes the “upper” and “lower” varieties in some water masses. 512 
Figure 3 Evolution of [Cant] averages in µmol kg
-1
 (dots) and Cant specific inventories 513 
in mol C m
-2
 (squares) versus year (a) and versus the excess of atmospheric 514 
xCO2 (ΔxCO2) (b), in each layer of water mass (legend in plot b). The error 515 
bars represent ±2σ/N0.5 (where σ is the standard deviation and N the number of 516 
used data). The [Cant] rates of increase (continuous line) in µmol kg
-1
 y
-1
 (a) 517 
and µmol kg
-1
 ppm
-1
 (b), and the Cant storage rates (dashed line) in mol m
-2
 y
-1
 518 
(a) and in mol m
-2
 ppm
-1
 (b) are given in Table 4. The Cant storage rates in mol 519 
m
-2
 y
-1
 (thin line) was calculated from the Cant storage rate (0.64 mol m
-2
 ppm
-520 
1
) at each year according to the ΔxCO2, and represented multiplied by 0.0169 521 
(right axis). 522 
Figure 4 Schematic of Cant balance in the Southern Ocean. The storage rate of Cant in 523 
the box was obtained by rescaling the value of Sabine et al. (2004) modified 524 
according to new estimates in the SO-Atlantic sector in agreement with the 525 
CFC inventories given by Orsi et al. (2002). The Cant rates of the northward 526 
export through the upper and intermediate layers (SAMW and AAIW) was 527 
estimated from the 15-20 Sv water transport (Hartin et al., 2011) and 30 µmol 528 
kg
-1
 for Cant (Key et al., 2004; Lo Monaco et al., 2005; Vazquez-Rodriguez et 529 
al., 2009). The Cant rates of the northward export through the deep waters 530 
(lCDW and AABW) was estimated from the 21 Sv water transport (Orsi et al., 531 
2002) and 12 µmol kg
-1
 for Cant (Lo Monaco et al., 2005; Vazquez-Rodriguez 532 
et al., 2009). The Cant air-sea uptake was obtained by difference to be in 533 
balance with the Cant storage rates and export.  534 
 535 
 536 
 1 
Table 1. Western South Atlantic cruises (see also Figure 1) used in this study. 2 
Cruises were grouped in six reference years. The grouped cruises are delimited 3 
by shaded areas.  4 
Reference 
year 
Cruise 
year 
Cruise 
code 
Carina expo code/ 
GLODAP CODE 
WOCEsection 
or original 
name 
1972 1972 43 GEOSECS_1- GEOSECS 
1983 1982-3 46 TTOTAS_1-3 TTO-TAS 
1988 1987-8 48 
318MSAVE_1-5 
318MHYDROS 
SAVE 
1993 1991 13 06MT15_3 A09 
1993 1991 22 OACES91_1-2 A16S 
1993 1993 14 06MT22_5 A10 
1993 1993 23 OACES93 A16N 
1993 1994 12 06MT19941012  
1993 1994 21 316N142_ A15 
1993 1994 24 3230CITHER2_1-2 A17 
1993 1995 95 35LU19950909  
1997 1996 84 33LK19960415  
1997 1997 25 316N151_3 A20 
1997 1999 106 35TH19990712  
2003 2001 61 29HE20010305 FICARAM 
2003 2002 62 29HE20020304 FICARAM 
2003 2003 68 316N20030922  
2003 2003 86 33RO20030604  
2003 2003 113 49NZ20031106 Beagle 
2003 2005 87 33RO20050111  
5 
Table(s)
Click here to download Table(s): Tables-paper-WSA.doc
 6 
Table 2. Potential density intervals (σ) for the six layers where the main water 7 
masses of the region spread. Layer thickness in meters ± the standard deviation. 8 
Nominal depths of the isopycnals in parentheses. 9 
 10 
Table 3. Comparison of Cant storages (mol m
-2
 y
-1
) for the western South Atlantic basin 11 
(10°N to 55°S).  12 
Author Method Rates of storage (mol m
-2
 y
-1
) 
Murata et al. (2008) Isopycnal 0.80  
Peng and Wanninkhof (2010) MLR (eMLR) 0.74 ± 0.3  (0.35)
1
 
Wanninkhof et al. (2010) eMLRdens 0.60  
Ríos et al. (this study) Backcalculation (φCT
0
). 0.92 ± 0.13  
1
 value in parentheses refers to the eMLR storage rate 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
Layers Layer thickness (m) Potential density intervals (kg m
-3
) 
SACW 168 ±32 100 m to σθ < 26.5 (300 m) 
SAMW 306 ±25 26.5 < σθ < 27.1 (600 m) 
AAIW 412 ±14 27.1 < σθ < 27.4 (1100 m) 
uNADW-uCDW 1594 ±68 σθ > 27.4 and σ3 < 41.47 (3000 m) 
lNADW-lCDW 532 ±166 σ3 > 41.47 and σ4 < 45.90 (4000 m) 
AABW 902 ±311 σ4 > 45.90 (down to bottom) 
Table 4. [Cant] increase rates in µmol kg
-1
 y
-1
 and µmol kg
-1
 ppm
-1
 in the different layers of the water 21 
masses. The errors represent ±2σ/N0.5. Cant storage rates in mol m-2 y-1 and mol m-2 ppm-1 for the 22 
whole water column of the western South Atlantic (see Figure 3). 23 
 24 
Water mass Rate 
µmol kg
-1
 y
-1
 
Correlation 
r
2
 
p-
level 
 Rate 
µmol kg
-1
 ppm
-1
 
Correlation 
r
2
 
p-level 
SACW 0.90±0.04 0.991 0.002  0.627±0.006 0.9996 1E-10 
SAMW 0.53±0.02 0.991 0.002  0.34±0.015  0.991 2E-5 
AAIW 0.36±0.02 0.985 0.004  0.207±0.004  0.998 5E-7 
uNADW-uCDW 0.16 ±0.04 0.82 0.052  0.098±0.004 0.99 2E-6 
lNADW-lCDW 0.08 ±0.04 0.45 0.250  0.085±0.006 0.97 3E-5 
AABW 0.15 ±0.04 0.80 0.061  0.118±0.004 0.99 12E-7 
        
 mol m
-2
 y
-1
    mol m
-2
 ppm
-1
   
Cant storage rates 
for the whole 
water column  
0.92±0.13 0.93 0.019 
 
0.64±0.13 0.997 7E-8 
 25 
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